1. Introduction {#sec1}
===============

Liposomes are vesicular structures that can form via the accumulation of lipids interacting with one another in an energetically favorable manner. Depending upon the structure and the composition of the bulk solution, liposomes can separate hydrophobic or hydrophilic molecules from the solution. These vesicles are not rigid formations but rather are fluid entities that are versatile supramolecular assemblies. Because they have dynamic properties and are relatively easy to manipulate, liposomes have been used widely in the analytical sciences as well as for drug and gene delivery. Since their first published use in 1965 \[[@B1], [@B2]\], the value and practicality of liposome functions have been recognized and continually improved upon.

The advances that brought about liposome-derived technologies have been recognized as some of the cornerstones of bionanotechnology \[[@B3]\]. The unique advantages imparted by lipid vesicles are their diverse range of morphologies, compositions, abilities to envelope and protect many types of therapeutic biomolecules, lack of immunogenic response, low cost, and their differential release characteristics \[[@B4]--[@B6]\]. These characteristics have led to applications in chemical and biochemical analytics, cosmetics, food technologies, and drug and gene delivery \[[@B7], [@B8]\]. There are numerous lipid formulations for each of these applications. However, this review will focus primarily on the use of liposomes for gene delivery.

2. Characteristics {#sec2}
==================

Liposomes are generally formed by the self-assembly of dissolved lipid molecules, each of which contains a hydrophilic head group and hydrophobic tails. These lipids take on associations which yield entropically favorable states of low free energy, in some cases forming bimolecular lipid leaflets ([Figure 1](#fig1){ref-type="fig"}). Such leaflets are characterized by hydrophobic hydrocarbon tails facing each other and hydrophilic head groups facing outward to associate with aqueous solution \[[@B9]\]. At this point, the bilayer formation is still energetically unfavorable because the hydrophobic parts of the molecules are still in contact with water, a problem that is overcome through curvature of the forming bilayer membrane upon itself to form a vesicle with closed edges \[[@B10]\] ([Figure 1](#fig1){ref-type="fig"}). This free-energy-driven self-assembly is stable and has been exploited as a powerful mechanism for engineering liposomes specifically to the needs of a given system \[[@B11]\].

Lipid molecules used in liposomes are conserved entities with a head group and hydrophobic hydrocarbon tails connected via a backbone linker such as glycerol \[[@B12]\]. Cationic lipids commonly attain a positive charge through one or more amines present in the polar head group. The presence of positively charged amines facilitates binding with anions such as those found in DNA. The liposome thus formed is a result of energetic contributions by Van der Waals forces and electrostatic binding to the DNA which partially dictates liposome shapes \[[@B13]\]. Because of the polyanionic nature of DNA, cationic (and neutral) lipids are typically used for gene delivery, while the use of anionic liposomes has been fairly restricted to the delivery of other therapeutic macromolecules \[[@B14]\].

Liposomes can exhibit a range of sizes and morphologies upon the assembly of pure lipids or lipid mixtures suspended in an aqueous medium \[[@B2]\]. A common morphology which is analogous to the eukaryotic cellular membrane is the unilamellar vesicle. This vesicle is characterized by a single bilayer membrane which encapsulates an internal aqueous solution, thus separating it from the external (bulk) solution \[[@B15]\]. Both cationic amine head groups and anionic phospholipid head groups can form these single-walled vesicles. Vesicle sizes fall into the nanometer to micrometer range: small unilamellar vesicles are 20--200 nm, large unilamellar vesicles are 200 nm--1 *μ*m, and giant unilamellar vesicles are larger than 1 *μ*m \[[@B2]\].

Giant vesicles also include other morphologies such as multilamellar, which consists of multiple concentric bilayers, oligolamellar, which consists of only two concentric bilayers, and multivesicular, which consists of multiple smaller unilamellar vesicles inside of one giant one. With the exception of multilamellar vesicles, these other morphologies are difficult to obtain without highly controlled processes for formation \[[@B2]\]. Giant vesicles also deserve special attention because their sizes are large, ranging from 1 *μ*m to more than 100 *μ*m \[[@B2]\]. These large vesicles are studied and well characterized, partially due to the ease of observation via optical microscopy \[[@B10]\].

During the compaction of polynucleotides into liposomal assemblies, a number of structures have been known to appear \[[@B5], [@B6], [@B16]--[@B19]\]. Each structure is formed in the most energetically favorable conformation based upon characteristics of the specific lipids used in the system \[[@B13]\]. A dependent term known as the structure-packing parameter can be used to suggest what shape the amphiphile will take, depending on the ratio of size variables. The packing parameter is defined as

$$P = \frac{v}{al_{c}},$$ where *v*: the volume of the hydrocarbon portion, *a*: the effective area of the head group, and *l* ~*c*~: the length of the lipid tail.

This correlation predicts a range of structures according to the following conditions \[[@B13], [@B20]\] ([Figure 2](#fig2){ref-type="fig"}):

$$\begin{aligned}
 & \left. P < \frac{1}{3}\rightarrow\text{spherical}{\,\,}\text{micelle}, \right. \\
 & \left. \frac{1}{3} \leq P < {\,\,}\frac{1}{2}\rightarrow\text{cylindrical}{\,\,}\text{micelle}, \right. \\
 & \left. \frac{1}{2} \leq P < 1\rightarrow\text{flexible}{\,\,}\text{bilayers},\text{vesicles}, \right. \\
 & \left. P = 1\rightarrow\text{planar}{\,\,}\text{bilayers}, \right. \\
 & \left. P > 1\rightarrow\text{inverted}{\,\,}\text{micelles},\left( {\text{hexagonal}{\,\,}\left( \text{H}_{\text{II}} \right)\text{phase}} \right). \right. \\
\end{aligned}$$

3. Cationic Lipids {#sec3}
==================

A solution of cationic lipids, often formed with neutral helper lipids, can be mixed with DNA to form a positively charged complex termed a lipoplex \[[@B21]\]. Well-characterized and widely used commercial reagents for cationic lipid transfection include N-\[1-(2,3-dioleyloxy)propyl\]-N,N,N-trimethylammonium chloride(DOTMA) \[[@B22]\], \[1,2-bis(oleoyloxy)-3-(trimethylammonio)propane\] (DOTAP) \[[@B23]\], 3*β*\[N-(N′, N′-dimethylaminoethane)-carbamoyl\] cholesterol (DC-Chol) \[[@B24]\], and dioctadecylamidoglycylspermine (DOGS) \[[@B25]\]. Dioleoylphosphatidylethanolamine (DOPE), a neutral lipid, is often used in conjunction with cationic lipids because of its membrane destabilizing effects at low pH, which aide in endolysosomal escape \[[@B26]\].

Many cationic lipid compounds have been formulated since the advent of DOTMA \[[@B27]--[@B31]\]. Each lipid has different structural aspects, such as head group size and hydrocarbon tail length. These aspects confer distinct characteristics to the lipid/DNA complex, which in turn affect association with and uptake into the cell. However, the basic structure of cationic lipids mimics the chemical and physical attributes of biological lipids \[[@B32]\]. The positive charge on the head group facilitates spontaneous electrostatic interaction with DNA, as well as binding of the resulting lipoplexes to the negatively charged components of the cell membrane prior to cellular uptake \[[@B33], [@B34]\]. The use of a cation is a recurring theme for virtually all chemically mediated gene delivery vectors, including polymers, lipids, and nondegradable nanoparticles.

Between 8--18 carbons commonly comprise the hydrocarbon tails of lipids used for gene delivery. The tails are typically saturated, but a single double bond is occasionally seen. The combination of hydrocarbon chains in a lipid mixture can be symmetric or asymmetric. It has been shown that certain asymmetric lipid mixtures with both shorter saturated carbon chains and long unsaturated carbon chains produce relatively high transfection efficiencies as compared to mixed formulations of symmetric cationic lipids \[[@B35]\].

Hydrophobic tails are not the only liposomal features that play a role in effective gene delivery---ionizable head groups are also involved. Some examples are the multivalent cationic lipids DOSPA and DOGS (covered in [Section 3.2](#sec3.2){ref-type="sec"}); both of which have a functionalized spermine head group that confers the ability to act as a buffer, such as in the case where there is an influx of protons into a maturing endosome/endolysosome \[[@B36]\]. Such buffering could extend the amount of time needed to activate acid hydrolases and could explain why some multivalent cationic lipids can exhibit higher transfection efficiencies versus their monovalent counterparts \[[@B25], [@B37]\].

3.1. Monovalent Cationic Lipids {#sec3.1}
-------------------------------

### 3.1.1. DOTMA (see [Figure 3](#fig3){ref-type="fig"}) {#sec3.1.1}

N-\[1-(2,3-dioleyloxy) propyl\]-N,N,N-trimethylammonium chloride, or DOTMA, was one of the first synthesized and commercially available cationic lipids used for gene delivery. Its structure consists of 2 unsaturated oleoyl chains (C18 : Δ^9^), bound by an ether bond to the three-carbon skeleton of a glycerol, with a quaternary amine as the cationic head group \[[@B22]\]. As compared to other methods of gene transfer used in the late 1980s, DOTMA proved to facilitate up to 100-fold more efficient gene delivery than the use of DEAE-dextran coprecipitation or calcium phosphate \[[@B22]\]. The ability to entrap DNA or RNA in a liposome in a relatively simple fashion, with effective gene delivery to cells, significantly influenced and improved the potential of nonviral agents for gene therapy \[[@B22], [@B38]\]. Based upon the use of comparative protein expression assays such as luciferase, *β*-galactosidase, or chloramphenicol acetyltransferase, initial success of *in vitro* transfection of multiple cell lines with DOTMA sparked a number of attempts to improve the lipid formulation and resulted in the creation of many effective formulations including such notable lipids as DOTAP \[[@B23]\] (see [Section 3.1.2](#sec3.1.2){ref-type="sec"}) and DC-Chol \[[@B24]\] ([Section 3.1.3](#sec3.1.3){ref-type="sec"}).

Commercialization of DOTMA as Lipofectin involved its coupling with DOPE ([Section 4.1](#sec4.1){ref-type="sec"}) in a 1/1 ratio due to the ability of DOPE to increase transfection efficiencies. Once commercialized, improvements in Lipofectin were desired, motivating others to add functional groups to the DOTMA. Many alterations made in the four major moieties of DOTMA (head group, linker, linkage bonds, and hydrocarbon chains) have reflected widespread efforts to reduce toxicity and increase transfection efficiencies \[[@B23], [@B39]\]. These studies have suggested, however, that cytotoxicities associated with the formulated monovalent lipids were dependent on plated cell density. Plate densities of 25%--35%, treated with cationic lipoplexes, yielded roughly half the amount of cell protein per plate versus controls. Near-confluent cell monolayers exhibited very little evidence of cytotoxicity. These findings supported a need for manipulations in the structural aspects of the lipids for lowered cytotoxicity in subconfluent populations \[[@B23]\]. Felgner et al. \[[@B40]\] also experimented with novel lipid formulations by altering DOTMA to obtain a more robust understanding of the mechanism of biological action. The structural changes included different combinations of side chains and alkyl attachments to the head groups, as well as the replacement of a methyl group on the quaternary amine of DOTMA with a hydroxyl. Their report suggested that compounds with such a hydroxyl modification display improved protein expression after transfection by two- to three-fold over those observed following DOTMA-mediated transfections. Stabilization of the bilayer vesicles was purported to occur as a result of the hydroxyl group remaining in contact with the aqueous layer surrounding the liposome. Compounds lacking this moiety were hypothesized to become entrenched in the aliphatic region, thus destabilizing the membrane. It was also indicated that aliphatic chain length had a large effect on the efficacy of lipid vectors. As the lengths of the saturated chains were increased in the DOTMA analogs, transfection efficiencies decreased. This was thought to be due to increased bilayer stiffness, which may have prevented efficient fluid interactions with the endosomal membrane to thus hamper the release of the liposomes or plasmid DNA from the endosomal compartments.

### 3.1.2. DOTAP (see [Figure 4](#fig4){ref-type="fig"}) {#sec3.1.2}

\[1,2-bis(oleoyloxy)-3-(trimethylammonio)propane\], or DOTAP, was first synthesized by Leventis and Silvius in 1990 \[[@B23]\]. The molecule consists of a quaternary amine head group coupled to a glycerol backbone with two oleoyl chains. The only differences between this molecule and DOTMA are that ester bonds link the chains to the backbone rather than ether bonds. It was originally hypothesized that ester bonds, which are hydrolysable, could render the lipid biodegradable and reduce cytotoxicity. This study showed that the transfection activities and levels of cytotoxicity associated with DOTAP/DOPE formulations are not statistically different from those associated with DOTMA/DOPE composites. Notably, this type of monovalent lipids also showed little to no cytotoxic effect on near-confluent cell monolayers, in addition to exhibiting the same lipoplex sensitivity at 25%--35% cell confluence as mentioned in [Section 3.1.1](#sec3.1.1){ref-type="sec"} \[[@B23]\].

The use of 100% DOTAP for gene delivery is inefficient due to the density of positive charges on the liposome surface, which possibly prevents counter ion exchange \[[@B41]\]. DOTAP is completely protonated at pH 7.4 (which is not the case for all other cationic lipids) \[[@B41]\], so it is possible that more energy is required to separate the DNA from the lipoplex for successful transfection \[[@B42]\]. Thus, for DOTAP to be more effective in gene delivery, it should be combined with a helper lipid, as seems to be the case for most cationic lipid formulations.

High temperature and long incubation times have been used to create lipoplexes that exhibit resistance to serum interaction \[[@B43]\]. Interestingly, this approach was only observed to affect monovalent cationic lipids such as DOTMA, DOTAP, or DC-Chol, as opposed to multivalent cationic lipids. The specific reasons for this phenomenon remain unclear. In fact, the specific mechanism behind serum inactivation of lipoplexes in general is as yet unexplained. Several hypotheses have been offered as to the mechanism, including the prevention of lipoplex binding to cell membranes by serum proteins \[[@B34], [@B43]\], the prevention of structural complex maturation by serum proteins binding to cationic charges on the lipoplexes \[[@B43]\], and the disparity of endocytosis pathways---which have varying kinetics---that are used for lipoplex endocytosis, with the method of endocytosis being regulated by the size of the lipoplexes or aggregates of lipoplexes plus serum proteins \[[@B34], [@B44]\].

### 3.1.3. DC-Chol (see [Figure 5](#fig5){ref-type="fig"}) {#sec3.1.3}

3*β*\[N-(N\',N\'-dimethylaminoethane)-carbamoyl\]cholesterol, or DC-Chol, was first synthesized by Gao and Huang in 1991 \[[@B24]\]. DC-Chol contains a cholesterol moiety attached by an ester bond to a hydrolysable dimethylethylenediamine. Cholesterol was reportedly chosen for its biocompatibility and the stability it imparts to lipid membranes, an idea which was supported by observed transfection activity of up to two- to four-fold greater chloramphenicol acetyltransferase expression (CAT assay). Additionally, DC-Chol was found to have a four-fold reduction in cytotoxicity versus Lipofectin in some cell lines \[[@B24]\].

In contrast to cationic liposomes containing fully charged quaternary amines (e.g. DOTMA and DOTAP), DC-Chol, in a 1 : 1 lipid ratio with DOPE, contains a tertiary amine that is charged on 50% of the liposome surface at pH 7.4 \[[@B45]\]. This feature is thought to reduce the aggregation of lipoplexes leading to higher transgene expression \[[@B46]\]. The reduction in overall lipoplex charge can also aid in DNA dissociation during gene delivery \[[@B41]\], which has been proven to be necessary for successful transfection \[[@B42]\].

3.2. Multivalent Cationic Lipids {#sec3.2}
--------------------------------

### 3.2.1. DOSPA (see [Figure 6](#fig6){ref-type="fig"}) {#sec3.2.1}

{2,3-dioleyloxy-N-\[2(sperminecarboxamido)ethyl\]-N,N-dimethyl-l-propanaminium trifluoroacetate}, or DOSPA, is another cationic lipid synthesized as a derivative of DOTMA. The structure is similar to DOTMA except for a spermine group which is bound via a peptide bond to the hydrophobic chains. This cationic lipid, used with the neutral helper lipid DOPE at a 3 : 1 ratio, is commercially available as the transfection reagent Lipofectamine. In general, the addition of the spermine functional group allows for a more efficient packing of DNA in terms of liposome size. The efficient condensation is possibly due to the many ammonium groups in spermine. It has been shown that spermine can interact via hydrogen bonds with the bases of DNA in such a way as to be attracted on one strand and wind around the major groove to interact with complementary bases of the opposite strand \[[@B47]\].

### 3.2.2. DOGS (see [Figure 7](#fig7){ref-type="fig"}) {#sec3.2.2}

Di-octadecyl-amido-glycyl-spermine, or DOGS, has a structure similar to DOSPA; both molecules have a multivalent spermine head group and two 18-carbon alkyl chains. However, the chains in DOGS are saturated, are linked to the head group through a peptide bond, and lack a quaternary amine. DOGS is commercially available under the name Transfectam. This lipid has been used to transfect many cell lines, with transgene expression levels more than 10-fold greater than those seen following calcium phosphate transfections \[[@B25]\]. In addition, Behr et al. showed that not only was DOGS very effective in delivering the CAT reporter plasmid, but it was also associated with no noticeable cytotoxicity \[[@B25]\].

Much like the multivalent cationic lipid DOSPA, DOGS is very efficient at binding and packing DNA, a result of the spermine head group that so closely associates with DNA \[[@B25]\]. Characterization of the head group of DOGS was determined to facilitate not only efficient condensation of DNA but also buffering of the endosomal compartment, which was thought to protect the delivered DNA from degradation by pH-sensitive nucleases \[[@B36]\]. DOGS is a multifaceted molecule in terms of buffering capacity. At pH values lower than 4.6 all of the amino groups in the spermine are protonated, while at pH = 8 only two are purportedly ionized, which promotes arrangement into a lamellar structure \[[@B48]\]. The packing ability of DOGS is due, in part, to the dynamics of the large head group molecule and the length of long unsaturated carbon chains.

3.3. Modifications for Improved Liposome-Mediated Gene Delivery {#sec3.3}
---------------------------------------------------------------

### 3.3.1. Poly(ethylene) Glycol {#sec3.3.1}

Recent improvements in lipofection have facilitated protection from degradation *in vivo*, due to surface modifications with polyethylene glycol (PEG). PEG presents many attractive qualities as a liposomal coating, such as availability in a variety of molecular weights, lack of toxicity, ready excretion by the kidneys, and ease of application \[[@B49]\]. Methods of modifying liposomal surfaces with PEG include its physical adsorption onto the liposomal surface and its covalent attachment onto premade liposomes \[[@B50]\].

It has been shown by Kim et al. \[[@B51]\] that PEGylated lipoplexes yield increased transfection efficiencies in the presence of serum as compared to liposomal transfection methods lacking such surface attachments. Additionally, the PEGylated lipoplexes display improved stabilities and longer circulation times in the blood. It is thought that the PEG forms a steric barrier around the lipoplexes, which stifles clearance due to reduced macrophage uptake \[[@B50]\], and may allow the liposome to overcome aggregation problems through mutually repulsive interactions between the PEG molecules \[[@B52]\]. These characteristics increase bioavailability, facilitating higher transfection efficiencies due to improved tissue distribution and larger available concentrations \[[@B53]\].

Because of the decreased immune responses and increased circulation times associated with PEG-modified liposomes, these particles are sometimes referred to as "stealth liposomes." However, such liposomes lack specificity with regard to cellular targeting. Notably, Shi et al. found that PEGylation inhibited endocytosis of the lipoplexes in a fashion that was dependent upon the mole percentage of PEG on the liposome, as well as the identity of certain functional groups that were conjugated to the lipoplexes \[[@B54]\]. Additionally, upon incorporation into the cell, PEG worked to deter proper complex dissociation by stabilizing a lamellar phase of DNA packing. As a result of these findings, a need has arisen for the creation of novel PEG-containing liposomes whereby the attached PEG is removed following endocytosis via a hydrolysable connecting molecule.

### 3.3.2. Additions and Alternatives to Poly(ethylene) Glycol {#sec3.3.2}

Alternative liposomal formulations utilizing polymers other than PEG are being produced with the goal of creating sterically protected lipoplexes. Additional aims of such systems include biocompatibility, flexible structure, and solubility in physiological systems \[[@B50]\]. A report by Metselaar et al. on the use of L-amino-acid-based polymers for lipoplex modification found an extended circulation time and reduced clearance by macrophages at levels similar to those seen with lipoplexes modified with PEG. Results suggested that approximately 10% of the injected dose of the L-amino-acid-modified complexes was still present in the blood of treated rats after 48 hours \[[@B49]\]. These oligopeptides are attractive alternatives to PEG due to advantages such as increased biodegradability and favorable pharmacokinetics when lower concentrations are used per dose.

Liposomes can also be coupled to targeting moieties through the use of PEG to impart attraction to affected tissues for optimal routing and transfection. Targeting ligands are selected based upon specific target cell receptors. The target cells can be normal or transformed (tumor) cells. Examples of such ligands include transferrin \[[@B55]\], a popular ligand for delivery of anticancer drugs to solid tumors *in vivo*, and haloperidol \[[@B56]\], a ligand that associates with sigma receptors that are overexpressed in many types of cancer.

4. Neutral Lipids {#sec4}
=================

4.1. DOPE and DOPC (see [Figure 8](#fig8){ref-type="fig"}) {#sec4.1}
----------------------------------------------------------

Most liposomal formulations used for gene delivery consist of a combination of charged lipids and neutral helper lipids \[[@B12], [@B22]--[@B24], [@B26], [@B28]\]. The neutral helper lipids used are often dioleoylphosphatidylethanolamine (DOPE), which is the most widely used neutral helper lipid, or dioleoylphosphatidylcholine (DOPC). Results have shown that the use of DOPE versus DOPC as the helper lipid yields higher transfection efficiencies in many cell types \[[@B28], [@B57]\], thought to be due to a conformational shift to an inverted hexagonal packing structure ([Figure 2](#fig2){ref-type="fig"}) that is imparted by DOPE at low pH. In contrast to the creation of repeated layers of DNA/lipids, as is the case in lamellar packing, the inverted hexagonal packing structure is similar to that of a honeycomb of tubular structures which condense DNA inside the tubes through electrostatic interactions. The tubes aggregate due to Van der Waals interactions between the lipid tails that spread out to encircle each tube. Fusion and destabilization of the lipoplexes during transfection are thought to occur due to the exposure of the endosomal membrane to invasive hydrocarbon chains \[[@B58]\]. Studies have suggested that a hexagonal conformation allows for efficient escape of complexed DNA from endosomal vesicles via destabilization of the vesicle membrane \[[@B17], [@B59]\]. With the lysosomotropic agent chloroquine inhibiting the activity of DOPE-containing lipoplexes, it is reasonable to assume that the membrane-destabilizing hexagonal conformation associated with DOPE is brought about at acidic pH \[[@B26]\].

In DOTAP-mediated DNA-binding studies, it was discovered that liposomes---formulated without DOPE---would not effectively complex with DNA to neutralize it until a 2 : 1 N : P ratio was reached due to an inability to displace counter ions bound to the cationic lipid head groups \[[@B41]\]. In contrast, complexes with a 1 : 1 ratio of DOTAP/DOPE continuously neutralized and complexed with the negatively charged DNA at all charge ratios. This is possibly due to salt bridges more easily forming between the positively charged head groups of the cationic lipids and the phosphate groups of DOPE moieties. This association would force the primary amine of DOPE to stabilize itself in the plane of the liposome surface and allow for more close interactions with the negatively charged phosphate of the DNA. DOPE could also facilitate counter ion release from the positively charged lipid head group, thus lowering the energy required for binding DNA \[[@B41]\]. Circular dichroism has been used to indicate that the use of DOPE as a helper lipid allows for much closer contact and packing of DNA helices \[[@B41]\].

DC-Chol and other cholesterol derivatives have been incorporated into lipoplex assembly for increased transfection efficiency *in vivo* \[[@B60], [@B61]\]. Galactosylated cholesterol derivatives have been shown to lower cytotoxicity levels and improve transfection efficiencies in human hepatoma cells (Hep G2), likely due to the affinity of cellular receptors for galactosylated ligands \[[@B62]\]. This result indicates that lipoplexes can be formulated for cell-specific uptake through the addition of specific ligands.

5. Anionic Lipids {#sec5}
=================

In general, gene delivery by anionic lipids is not very efficient. The negatively charged head group prevents efficient DNA compaction due to repulsive electrostatic forces that occur between the phosphate backbone of DNA and the anionic head groups of the lipids. However, due to the fact that cationic liposomes can be inactivated in the presence of serum, are unstable upon storage, and exhibit some cytotoxicity both *in vitro* and *in vivo*, anionic liposomes have been studied as potential gene delivery vehicles \[[@B63]--[@B65]\]. Formation of DNA-containing liposomes using anionic lipids can be brought about through the use of divalent cations to negate the mutual electrostatic repulsion and facilitate lipoplex assembly \[[@B8]\]. Anionic lipoplexes are composed of physiologically safe components including anionic lipids, cations, and plasmid DNA \[[@B66]\]. Commonly used lipids in this category are phospholipids that can be found naturally in cellular membranes such as phosphatidic acid, phosphatidylglycerol, and phosphatidylserine ([Figure 9](#fig9){ref-type="fig"}). As with the lipids presented earlier, anionic lipids can contain any of a wide range of fatty acid chains in the hydrophobic region. The specific fatty acids incorporated are responsible for the fluidic characteristics of the liposome in terms of phase behavior and elasticity \[[@B2]\]. Perhaps due to the natural presence of these specific phospholipids in the host cell membrane, gene delivery via lipoplexes with net negative surface potentials has been associated with lower clearance and phagocytosis by macrophages, which is consistent with favorable biocompatibility \[[@B67]\].

Various anionic liposomes have been characterized for gene delivery in a small number of cell types including CHO cells and primary hippocampal neurons \[[@B8], [@B66], [@B68], [@B69]\]. While such investigations are novel, overall knowledge regarding anionic lipofection is as yet limited due to a lack of extensive testing; DNA entrapment in anionic liposomes is still inefficient, and cytotoxicity data remain inadequate.

Divalent cations can be incorporated into the system to enable the condensation of nucleic acids prior to envelopment by anionic lipids. Several divalent cations have been tested for use in anionic lipoplexes such as Ca^2+^, Mg^2+^, Mn^2+^, and Ba^2+^, but it has been observed that the use of Ca^2+^ yielded the highest transfection efficiency due to its higher DNA binding affinity \[[@B70], [@B71]\]. An investigation conducted by Srinivasan and Burgess confirmed that Ca^2+^ was the most effective cation for DNA compaction as compared to Na^+^ and Mg^2+^ \[[@B66]\]. This affinity is potentially a result of the smaller hydrodynamic radius of calcium which gives a larger charge per unit surface area. The use of Ca^2+^ not only overcame the strong electrostatic repulsion between the DNA and the lipids, but also promoted uptake of the lipoplexes by the cell \[[@B8]\]. However, the use of high concentrations of calcium (in excess of 25 mM) was shown to be detrimental to transfection efficiency because of the creation of aggregate lipoplexes, having particle sizes of 500 nm and higher \[[@B66]\]. Optimum transfection efficiency is achieved with particles sizes of about 200 nm due to factors thought to be related to clathrin-mediated uptake \[[@B72]\].

Mixtures of the anionic lipid dioleoylphosphatidylglycerol (DOPG) and the neutral lipid DOPE have been investigated to determine an optimal ratio for transfection \[[@B66]\]. It was suggested that a 1 : 4 ratio of DOPG to DOPE was a proper balance to allow the negatively charged phospholipids to form lipoplexes while still having enough of the neutrally charged phospholipids to allow for endosomal escape. DOPG has a packing parameter less than 1 and tends to form flexible bilayers and vesicles ([Figure 2](#fig2){ref-type="fig"}) \[[@B73]\]. This characteristic can be contrasted to that of DOPE, which has a packing parameter greater than one and is known to adopt an inverted hexagonal structure that promotes membrane destabilization \[[@B13], [@B70]\]. Transmission electron microscopy revealed that this particular formulation yields liposomes of a spherical multilamellar structure \[[@B66]\]. However, upon relocation to the late endosome or endolysosome, the lipoplex may alter its morphology due to the effects of pH upon the DOPE. The 1 : 4 ratio was seen to exhibit higher transfection efficiency and cell viability versus the cationic formulation Lipofectamine 2000 \[[@B66]\].

Despite some favorable investigations into the use of anionic liposomes for gene delivery, there are some potential downfalls associated with systemic delivery that must be further explored. Some studies have indicated that, upon exposure to certain plasma lipoproteins, destabilization and leakage of liposomal contents can occur. For example, in liposomes lacking cholesterol, high density lipoprotein can cause some disintegration of the liposome \[[@B74]\]. However, in liposomes which do contain cholesterol, low density lipoproteins can also cause leakage of contents \[[@B75]\]. Characterization studies like these are very useful in terms of determining what mole percentages and types of lipids must be taken away or added to liposomal formulations to obtain maximum delivery of a desired cargo.

6. Concluding Remarks {#sec6}
=====================

An abundance of uses for liposomes has been investigated since their introduction into the scientific literature in the 1960s. These studies have highlighted both the self-assembly of various lipid formulations and dynamic properties of cellular membranes as they interact with the local environment. Not only have mechanisms of membrane transport and pharmaceutical cargo delivery via liposomes been elucidated, but analytical uses such as immunoassays and biosensors have also been developed.

At the rudimentary level, most lipids that self assemble into useful shapes are amphipathic, containing both a hydrophilic head group and a hydrophobic lipid tail group. The shapes that are formed are determined by the types of lipids used, which, in turn, provide various options regarding delivery. The cationic head groups appear to be better suited for DNA delivery due to the natural charge attraction between negatively charged phosphate groups and the positively charged head groups. Anionic head groups are perhaps better suited for drug delivery. However, this does not preclude their use as gene delivery vehicles as work with divalent cations has shown.

One must keep in mind all of the variables that come into play when using different gene delivery vectors. There is no concrete comparison that can easily be made to suggest that one liposomal vector is better than another for all cell types, environments, and applications. While some of the lipids presented above were originally found to yield little-to-no cytotoxicity for a given cell type, the observation does not necessarily hold true when they are applied to different cell types \[[@B23]--[@B25]\]. Improvements and adjustments to these formulations are constantly being explored through the addition of different lipids, targeting molecules, or shielding moieties designed to prevent clearance *in vivo*. The identification of the optimal gene delivery vector continues to be an elusive process, and liposomes are but a fraction of all the vehicles that are being examined.
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